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Abstract

This review updates and consolidates evidence on the safety of transcranial Direct Current
Stimulation (tDCS). Safety is here operationally defined by, and limited to, the absence of
evidence for a Serious Adverse Effect, the criteria for which are rigorously defined. This review
adopts an evidence-based approach, based on an aggregation of experience from human trials,
taking care not to confuse speculation on potential hazards or lack of data to refute such
speculation with evidence for risk. Safety data from animal tests for tissue damage are reviewed
with systematic consideration of translation to humans. Arbitrary safety considerations are
avoided. Computational models are used to relate dose to brain exposure in humans and animals.
We review relevant dose-response curves and dose metrics (e.g. current, duration, current density,
charge, charge density) for meaningful safety standards. Special consideration is given to
theoretically vulnerable populations including children and the elderly, subjects with mood
disorders, epilepsy, stroke, implants, and home users. Evidence from relevant animal models
indicates that brain injury by Direct Current Stimulation (DCS) occurs at predicted brain current
densities (6.3-13 A/m2) that are over an order of magnitude above those produced by conventional
tDCS. To date, the use of conventional tDCS protocols in human trials (<40 min, <4 mA, <7.2
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Coulombs) has not produced any reports of a Serious Adverse Effect or irreversible injury across
over 33,200 sessions and 1,000 subjects with repeated sessions. This includes a wide variety of
subjects, including persons from potentially vulnerable populations.

Keywords

safety; tDCS; transcranial Direct Current Stimulation; electrical stimulation; tDCS safety; mood
disorders

Scope

The goal of this report is to update the state-of-the-art on the safety of transcranial Direct
Current Stimulation (tDCS), based on published Serious Adverse Effects in human trials and
irreversible brain damage in animal models. For the purposes of this report, tDCS includes
non-invasive transcranial electrical stimulation using direct current with a sustained intensity
of a few mA and duration of up to tens of minutes; with specific definitions and inclusion/
exclusion criterion defined. Basing our evaluation solely on established evidence, we rely on
1) testing in human trials, including reports of serious adverse events and imaging changes;
2) animal models, including histologically observable tissue; and 3) computational modeling
to the limited extent it can inform the interpretation of experimental data. By consensus, we
distinguish between adverse events (which are potentially coincidental) and adverseeffects
(which are believed to be causally related to stimulation), examining specific case data taken
in the context of best experimental practices and all available tDCS data. Tolerability or
transient adverse cognitive and behavioral changes that are not associated with Serious
Adverse Effects are not taken into account.

Electrical stimulation in animals is referred to as Direct Current Stimulation (DCS; even
when epicranial), as opposed to tDCS, to distinguish it from the human stimulation. For
human data, the review has the limitation that it relies largely on reports of serious adverse
events in published controlled studies in which subjects are not typically exhaustively tested
for injury or followed for an extensive period. Prospective studies on tDCS safety are limited
in humans [1][2]. For animal data, effort is devoted to understanding the translation of
findings (e.g. dose scaling) to humans. Data from translational animal models are taken to
support establishing tDCS safety limits only in the context of irreversible brain damage. We
avoid speculation regarding theoretical risks of tDCS that are based on extrapolation from
reports in which no specific link to tDCS has been established (e.g. inferring the potential
risks of low intensity direct current based on the known risks of high intensity current).

Exclusion of subjects with preexisting co-morbidities from participation in clinical trials
(e.g. exclusion of subject with depression from stroke studies, and exclusion of subjects with
stroke from depression studies) reduces the number of complicated cases tested with tDCS.
When such exclusion is not explicitly justified for safety reasons then it likely reflects
experimental design (e.g. depression post stroke is considered a different illness to
depression of another etiology) rather than concern regarding risk. Nonetheless, such
“conservative” exclusions, as well as subject-specific safety monitoring protocols applied in
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the absence of evidence for risk, can be a source of confusion with regards to safety norms
and are therefore discussed in this review.

Operator intentions when applying tDCS, the efficacy of tDCS in eliciting desired outcomes
[3], and the presumed mechanisms of tDCS are not relevant for the scope of this review [4].
Similarly, potential neuroprotective effects are not within our scope [5], except for instances
in which they inform safety. Animal safety data are limited to non-invasive or epicranial
electrode techniques, since the safety profile for electrodes that directly contact with brain
tissue is distinct (e.g. electrochemical in a way not relevant for non-invasive techniques).
This review aggregates and analyzes data relevant to the safety of tDCS and comments on
experience in human trials of tDCS to date. It does not make specific recommendations for
protocols or serve as a guideline for the design of safety protocols. This review may,
however, inform ongoing ethical and regulatory decisions [6].

Definitions and Considerations of Dose Metrics for tDCS Safety

For the purposes of this review, tDCS is defined as a technique in which the dose [7] is a
waveform of single sustained direct current (DC), with the exception of one ramp-up and
one ramp-down period, applied to the head using at least one cephalic electrode. tDCS is
non-invasive and requires appropriate electrolyte buffer (conductive gel, paste, or saline)
between the electrode and the skin. tDCS thus does not include the use of subdural
stimulation electrodes.

While tDCS could technically include any waveform that does not change polarity (e.g. even
a monophasic triangle wave), tDCS as used across current human trials involves only fixed
sustained direct current. The lower-case “t” in tDCS is thus important to emphasize a proper
name that designates a specific stimulation approach. Hence trains of monophasic pulses are
not tDCS as defined here (but rather transcranial Pulsed Current Stimulation, even when a
DC offset is included). Similarly neither oscillating transcranial direct current stimulation (a
monophasic square waveform) nor a rectified or monophasic sinusoidal waveform is
included in tDCS as defined here.

Any electrode from which current enters into the body is an anode, and any electrode where
current exits the body is a cathode. tDCS/DCS must have at least one anode electrode and
one cathode electrode. In the tDCS literature, “anodal-tDCS” and “cathodal-tDCS” is used
to describe electrode placement in relation to the brain region primarily targeted along with
the direction of the intended effect (e.g. “anodal motor cortical tDCS” is intended to increase
motor cortical excitability) — but these expressions should be used with discretion. Under
either polarity electrode, the direction of measured excitability changes can vary with brain
state and dose parameters such as stimulation intensity and duration [8],[9],[10]. In addition,
this common terminology might be misleading in the context of safety concerns, since both
polarity electrodes are always present and since all current entering the cortex must exit,
passing through intermediary brain regions [11]. Moreover, cortical folding (sulci and gyri)
results in cortical current flow polarity inversions with respect to the cortical surface even
under a single electrode [12]. Therefore, we do not attempt to develop separate safety
criterion for “anodal” or “cathodal” tDCS. For the purposes of aggregating number of
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stimulation sessions, “anodal” and “cathodal” tDCS are collapsed, and tDCS/DCS safety
data across polarities are generally grouped except where there are specific hypotheses to
consider polarity specific effects. For animal DCS studies we collapse across polarities to
obtain a conservative injury estimate. Differences in the two polarities in regard to injury
thresholds and mechanisms are expected depending on the mechanism of injury, but here we
consider the minimum threshold at any polarity. An exception to collapsing across polarities
is in our discussion of testing on seizures, where for reasons explained below the positions
of the cathode and anode are noted.

tDCS/DCS intensity (in amperes, A or mA) is the steady-state intensity applied to the anode
(opposite to cathode). If multiple electrodes are used, intensity is the sum of the current at all
anodes (opposite of the sum at all cathodes). It is expected that the use of multiple electrodes
will influence stimulation outcomes even for the same total current (similarly to changing
montage with fixed current), but see cautions on data aggregation below. tDCS/DCS
duration (in seconds or minutes) indicates the length of time current is at the steady level,
and excludes the ramp-up and ramp-down periods, that usually last 10-30 seconds for
studies using minutes of stimulation.

The dose of a single tDCS/DCS session is defined by the electrode montage (skin contact
area/size and position of all electrodes), stimulation intensity and duration (see [7] for dose
definition). All other metrics are derivative, in the sense that they are determined by dose,
and in some cases by dose and tissue properties. tDCS/DCS is current controlled, meaning
the voltage is varied to maintain a fixed current, typically under 20 V [13], though much of
this voltage (especially any time-dependent component) may reflect the electrode and skin
impedance. Current density, as used in the literature, indicates the average current density
(in A/m?) at the electrode calculated by taking the applied current to a given electrode and
dividing by electrode area. Average current density is not necessarily indicative of peak
current density at the electrode (which may be concentrated at edges or spots; [14]) or in the
brain (which depends on many other factors namely head anatomy; [15]). Stimulation
charge (in coulombs, C) is determined by multiplying current by duration. Stimulation
charge density (A*t/m2 = C/m2) is charge divided by electrode area, and is also an average
metric. Stimulation power (in watts. W = V*A) is voltage multiplied by current. Stimulation
energy (in joules, J= V*A*t) is power multiplied by duration. For any tDCS session, the
above “summary” metrics are a single number, or a single number per electrode, and
determined fully and only by dose, as defined above.

We review data from human trials of tDCS by dose (Figure 2). Meta-analyses of tDCS
inevitably collapse across various testing conditions ([16]; e.g. 1 mA intensity in adults with
epilepsy using 25 cm? electrodes vs. 1 mA intensity in healthy children using 35 cm?
electrodes). It is conventional to assume that risk increases monotonically with current
intensity or duration (e.g. all else being equal, decreasing current from 2 mA to 1 mA
maintains or reduces theoretical risk). In some sections, we aggregate data by current and/or
duration (e.g. total number of sessions at 1 mA and 10 minutes), and we assume a
monotonic dose-response relationship (e.g. the safety of 1 mA is supported by the total
number of sessions at 1 mA or more). However, this collapsing of data is inherently
problematic precisely because it ignores all other factors such as pre-existing morbidity. This
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report addresses some of these risk factors by considering theoretically vulnerable
(susceptible) populations. Nonetheless, we believe aggregating all tDCS trials provides a
general sense for the extent of up-to-date experience in the field. We further believe that our
data-driven approach provides a basis for more specific analysis, and for future development
of safety guidance recommendations.

Prior efforts proposed safety standards based on summary metrics [17],[18] such as charge
(which combines stimulation intensity and time), current density (which combines intensity
and electrode size), or charge density (which combines current, duration, and electrode size).
On the one hand, summary metrics are appealing because they simplify analysis; for
example 1 mA with 10 minutes, 2 mA with 5 minutes, and 10 mA for 1 minute are
equivalent from the perspective of charge. However, basing safety standards on summary
metrics presupposes that critical details are not lost in combining terms such as current and
duration - and moreover assumes no complex interaction between dose terms and other
factors such as inclusion criteria. This assumption is further complicated by the absence of
established mechanisms for injury, which makes it difficult to know which stimulation
properties are most relevant to safety. Thus, while useful in other contexts, safety discussion
based on summary metrics is limited in this review.

Additional “distributed” metrics of stimulation can be predicted based on the underlying
tissue properties and are not single values, but rather distributed values specific to locations
within the brain. These include current density (in mA/m2) that reflects the current flow
distribution and intensity through the body. For the purposes of this review we consider
current density in the skin relative to the brain. Electric field (in VV/m) is current density
multiplied by local tissue resistivity. The peak current density or electric field represents the
maximum value at any point in space, which can be further restricted by head region such as
peak current density in the brain or skin. Power density (in mW/m3) is electric field
multiplied by current density. The electric field predicts neuronal activation threshold more
meaningfully than current density, but it is very sensitive to assumptions on local tissue
resistivity. It is not established whether injury is linked to neuronal activation (e.g.
excitotoxic). The above tissue properties are not time dependent, but can be combined with
time in new metrics.

For the purposes of this safety review, we restrict inclusion of human trials with tDCS to
those with “conventional” protocols (e.g. waveform intensities and durations). Conventional
current intensities span 0.1 mA (used occasionally as a sham) to 4.0 mA, with the majority
of studies applying 1.0 mA and 2.0 mA. Conventional durations span from 4 seconds (used
only for transient changes; [19] to 40 minutes (>10 minutes of stimulation are commonly
used to elicit durable changes). Conventional charge (reflecting duration and intensity) is
limited to 7.2 C (e.g. 40 minutes, 3 mA). Studies with atypical preparation techniques, that
may or may not be hazardous, are excluded, for example those using water rather than saline
saturated sponges (see below). The inclusion or exclusion of a study for our purposes is not
an endorsement or critique of any dose or methodology, but reflects the inevitability of
establishing some practical boundaries for our purposes. That being said, no study which
self-identified as tDCS, and met all other inclusion criterion, used a dose above our range.
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tDCS studies in which electrodes were not prepared following established methods are
excluded. Stimulation is applied over skin that is not compromised by a pre-existing burn or
injury (e.g. open wound) and is thus largely homogenous; but acne is typically not an
exclusion for electrode locations. Skin preparation does not typically include significant
abrasion (intended to remove epidermis; [20]), though cleaning of the skin/hair with saline
or alcohol is sometimes used [21]. Standard tDCS electrodes (pads) are typically square 5x5
cm or 5x7 cm, though both smaller and larger electrode assemblies have been explored [22],
as well as circular pads. Standard tDCS electrode assemblies use either metal or conductive
rubber electrodes [14]. Electrolytes are most commonly isotonic saline (saturated in a
sponge that wraps around the electrode), but conductive gels and/or creams have also been
used. The details of electrode assembly design are considered important for tolerability and
skin safety. For example, it is important to maintain a minimal distance between the
electrode and skin, as well as the area of the electrode compared to the electrolyte-skin area
[14]. Pad electrodes, by virtue of size and materials, are typically limited in number to a
maximum of 3—4. High-Definition (HD) electrodes are circular <1 cm diameter with a
sintered Ag/AgCl electrode and conductive gel or paste [23]. A higher number and density
of HD electrodes may be used [24],[25]. When one or more HD electrodes are used, tDCS is
called High-Definition tDCS (HD-tDCS) regardless of the number of electrodes or if
stimulation is optimized for focality or intensity [26]. Except when indicated, our analysis is
not specific to electrode design (e.g. HD-tDCS is “conventional” as long as meeting current,
duration, and charge limits).

and Considerations of Serious Adverse Effects for tDCS Safety

In this review, tDCS safety indicates the absence of a Serious Adverse Effect including brain
tissue injury related to tDCS application. It is necessary to precisely define this threshold for
safety for clinical trials and separately for experiments in translational animal models.

For clinical trials, based on International and US guidelines on serious adverse events from
medical devices (including the Office of Human Research and Protection (OHRP) of the
U.S. Department of Health And Human Services (HSS); FDA regulations at 21 CFR
312.32[a]; 1996 International Conference on Harmonization E-6 Guidelines for Good
Clinical Practice; ISO/DIS 14155--Clinical investigations of medical devices in humans,
good clinical practices, 2008), we classify a Serious Adverse Effect related to tDCS as a
documented event that:

1. Based upon scientific judgment is determined to be caused or aggravated
by the application of direct current to the head, such that serious adverse
events not linked to stimulation are excluded, even if they are subject to
reporting requirements AND

2. Results in irreversible damage of brain tissue OR

3. Results in persistent disability or incapacity that produces an unwanted
and substantial disruption of a person's ability to conduct normal life
functions, i.e., the adverse effect resulted in an unwanted significant,
persistent or permanent change, impairment, damage or disruption in the
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patient's body function/structure, physical activities and/or quality of life
OR

4. Results in unexpected inpatient hospitalization or prolongation of existing
hospitalization, where emergency room visits that do not result in
admission to the hospital should be evaluated for one of the other serious
outcomes (e.g., life-threatening; required intervention to prevent
permanent impairment or damage; other serious medically important
event) OR

5. Results in death or is life-threatening where the patient was at substantial
risk of dying as a result of the adverse event, or use was discontinued
based on evidence tDCS might have resulted in death OR

6. Medical or surgical intervention was necessary to preclude permanent
imminent impairment of a body function due to tDCS, or prevent
permanent damage to a body structure due to tDCS

A report meeting any of criteria 2 through 6, but not 1, would be a serious adverse event.
Absence of a reported serious adverse event indicates lack of evidence for a Serious Adverse
Effect. For a Serious Adverse Effect a causal link with tDCS is required — for example
serious adverse events potentially related only to a pre-existing condition or other activity in
the trial (e.g. a fall unrelated to stimulation) would not meet the above criteria. Similarly,
study dropouts are not necessarily Serious Adverse Effects. Reversible skin irritation not
requiring medical intervention to prevent permanent injury would not meet the above
criteria. Sensation and transient pain (tingling, itching) are similarly not relevant for safety
though they impact tolerability. Changes in clinical symptoms are not considered a Serious
Adverse Effect, unless proven to meet the above criteria; nor are transient decrements in
cognition or behavior [27].

Theoretical long lasting changes in neuronal morphology (e.g. spine density, synaptic
plasticity) or electrographic activity (e.g. alpha oscillation power, ERP magnitude) are not
considered a Serious Adverse Effect unless proven to meet the above criteria. Clinical and
animal studies exploring long lasting changes remain an important but challenging area of
research.

Because establishing causality, and thus meeting criteria for a Serious Adverse Effect is
difficult, human subjects protection protocols often adopt predetermined and measurable
stopping criteria to manage adverse events. Specific rules for subject withdrawal or trial—
cessation are designed to minimize risk in a real-time manner, which is distinct from a trial
designed to establish safety. For example, in a trial of tDCS for epilepsy, stop criteria may
include: 1) discontinuation of the session if the frequency of interictal discharges or seizures
increases by 50% above baseline in the 1 hour after stimulation or 2) cessation of the study
if over 50% of subjects in a stimulation study have a 50% increase of seizure frequency in
the first 24 hours after tDCS. Such rules provide greater objectivity for an investigator
deciding whether a given event was serious enough to potentially cause harmto the patient
regardless of causality, and thus errs on the side of safety. Then, in later analysis and
discussion, a determination of probable causality can be decided — however as defined here,
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subject withdrawal or session/trial stop for a serious event is not necessarily a Serious
Adverse Effect until causality is established.

We note that in some cases insufficient data are collected, or details reported, to confirm
causality of adverse events or whether a dropout might relate to a Serious Adverse Effect.
One mid-study termination of participation illustrates the desirability of more detailed
reporting of adverse events and dropouts to determine whether or not they meet Serious
Adverse Effect criteria. In this case [28], one patient’s participation was discontinued
because the person “became emotional” and “felt morose”. While authors state they could
not establish a causal relation between the emotional state and tDCS, the details of that
investigation are not reported, nor is follow up to confirm that the patient recovered from this
state. Although it seems unlikely that this patient experienced “an unwanted significant,
persistent or permanent change, impairment, damage or disruption in ... quality of life,”
more details would help confirm whether this reported change was 1) severe and long-
lasting enough to be considered a serious event, 2) indeed a change and not a previous/
existing condition, and 3) caused or aggravated by application of tDCS. As such, this case
does not meet our reports standard for a Serious Adverse Effect.

If tDCS is applied with the intention to produce an abnormal brain state, for example to
interrupt normal brain processing, then the abnormal brain state would be expected and
appropriate safety measures would be in place if needed (e.g. hospitalization), and this is not
a Serious Adverse Effect. In this sense (extrapolating from related fields and standards) the
intentional generation of a seizure by electroconvulsive therapy (ECT) or magnetic seizure
therapy (MST) is not a Serious Adverse Effect, while the unintentional generation of
seizures in rTMS is a Serious Adverse Effect.

We acknowledge that one potential limitation of using evidence-based causality to establish
the criterion of Severe Adverse Effect is that it may not be possible to empirically determine
whether causal relationships exist between very rare events and tDCS in the absence of
sufficient amount of data. In the absence of sufficient data to establish these links, the
causality criterion of severe adverse effects may theoretically obscure very uncommon but
causally related events, creating a bias toward judging tDCS to be safe. None-the-less, sham-
controlled trials are the best way to empirically assess adverse effects, including serious
ones; and this review addresses the scale of data collected to date.

Assumptions Regarding Dose-Response Curves for Safety Data from

Animal Studies

This review avoids specific recommendations or endorsements, but rather focuses on
aggregating data and presenting the state-of-the-art in understanding on safety. This section
discusses several dose response curves with a specific focus on aggregated animal data (next
section). Different possible dose response curves for safety are illustrated in Figure 5.

In summarizing animal safety data, the approach adopted here was to use the lowest current
intensity documented to produce a measurable destructive brain tissue response in an animal
model (illustrations: Figure 5A) at any stimulation duration. This approach has its own
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limitations and assumptions. In any given experimental series, the limitations on both the
precision of current increments tested and the number of animals tested will limit validation
of a single lowest damage threshold. Alternatively, the entire data set may consolidate a
curve-fit to extrapolate a minimum damage threshold. Though the quality of curve fit may
support this approach, assumptions on the type of dose-response curve for damage (Figure
5B) will profoundly influence the resulting extrapolation, notably to low doses not actually
tested. For example, dose-response projections based on injury at moderate intensity would
ignore if lower intensities might in fact provide protection from injury (i.e. so called
hormetic dose response; [182], [183]). Especially in the absence of a mechanistic
explanation for damage supporting a particular dose-response curve, and accumulation of
data from different model systems and varying lesion measures we avoided extrapolation
beyond tested stimulation intensities. For the same reason, we avoided putative summary-
metrics of damage, such as charge or charge-density; but as the animal trials cited used
stimulation durations equal to or greater than clinical tDCS, limits based simply on current
can be considered conservative in regards to summary metrics influenced by time —
assuming a monotonic relationship between stimulation duration and injury at any given
intensity.

Additional assumptions about the dose-response relationship are made. Experimental studies
are often limited in time points for measurement (since the collection of tissue for analysis
often requires terminal procedures) so we assume that damage is irreversible and also
delayed damage responses cannot be excluded. Again without an established mechanism for
damage, we limit ourselves here to reported data.

The sensitivity of damage detection is evidently limited by the experimental measures. In
addition, the relative sensitivity of animal tissue to DCS versus human tissue to tDCS injury
is unclear. While arbitrary safety factors are sometimes applied in developing guidance, our
goal here is to summarize injury evidence. In developing human safety guidelines it is
prudent not to approach injury thresholds, especially given montage and inter-individual
differences (Figure 1). Consolidated animal DCS safety data, and scaling to the human case
using computational models, indicates that at least in regards to manifest tissue damage,
current conventional tDCS protocols are orders of magnitude below threshold.

DCS Safety Data from Animal Lesion Studies and Translational Models

Data on DCS lesion threshold in animals have been used to support the safety of existing
tDCS protocols; evidence demonstrating the wide gap between current tDCS protocols and
DCS lesion thresholds provides some reassurance [17], [38]. However, with increasing
adoption of tDCS, these data warrant updating.

The issues when basing human safety standards on animal histology thresholds were
previous outlined [1] and include: 1) potential differences in susceptibility of animal and
human tissue to damage; 2) experimental limits on detecting various modes of damage
including assumptions about dose-response relationships; 3) difference in scale from rodent
(or other nonhuman) to human gross anatomy; 4) difference in method of stimulation (e.g.
transdermal vs. epicranial). The use of animal models provides the distinct advantage of
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being able to histologically assess the impact of current on brain tissue. The results from
animal models can thereby inform current threshold limits and, in addition, be used to
validate and improve the computational models used for determining predictive safety
thresholds in humans.

Tissue damage from animal studies using electrodes in direct contact with the brain or using
varied waveforms (e.g. AC) are inappropriate (and potentially misleading) in regards to
tDCS safety [38]. Here, results from three groups of testing safety thresholds for epicranial
DCS are consolidated, acknowledging the limitations of the different methods of lesion
detection (e.g. H&E staining is potentially less sensitive than the direct staining of
neurodegeneration by Fluoro-Jade C): 1) Liebetanz and colleagues [17]; 2) Fritsch and
colleagues (unpublished data); 3) Jankord and colleagues (unpublished data). In all cases
DCS was applied to the surface of the rat skull using a relatively small electrode-contact
(defined as the electrolyte-skull interface) compared to the return electrode on the body. The
lowest DCS intensity at which histological damage was recorded in the three studies were as
follows: 1) Liebetanz. 500 pA applied through 2.1 mm diameter circular electrode-contact
for 10 minutes (return electrode on the chest), assessed by hematoxylin-eosin (H&E) stain
(used for histological assessment of tissue following current exposure); 2) Fritsch, 600 pA
applied through 4 mm diameter circular electrode-contact for 20 minutes (return electrode
on the chest), assessed by FluoroJade C stain; 3) Jankord 500 pA applied through 5x5 mm
square electrode-contact for 60 minutes (return electrode behind the neck), assessed by H&E
stain.

To scale these results to humans, we developed a high-resolution rat model and predicted
brain current flow produced for each montage used (Figure 3). The predicted minimum
induced current density for detected damage was 12, 17, and 6.3 A/m2 for Liebetanz et al.,
Fritsch et al., and Jankord et al., respectively. By comparing resulting peak current density
(or electric field) per applied mA in the rat brain to the peak electric field produced per mA
in the human brain, we are able to propose a scaling factor. Specifically, the scaling factor
allows us to predict how much current should be applied in the human using a representative
montage (M1-SO adult) to approximate the brain electric field produced in a rat for a given
current. Note the M1-SO montage is among the most commonly used in tDCS but does not
produce the theoretically maximum brain electric field. Applying this scaling factor to the
current damage threshold observed in rat allows us to predict a current intensity damage
threshold in humans. The scaling factor determined was 288 for Fritsch and colleagues, 240
for Liebetanz and colleagues and 134 for the Jankord and colleagues studies. Combining the
reported current-thresholds for damage in animal models with the respective rat-to-human
scaling factors results in a predicted human damage threshold of 173 mA based on Fritsch,
120 mA based on Liebetanz, and 67 mA based on Jankord. These scaled values are over an
order of magnitude above maximum currents levels used during tDCS. Differences across
animal models are expected and arise from additional dose metrics (e.g. time, which model
based scaling does not account for), which are neglected for the purpose of the review. If
separate scaling factors are used (e.g. average electrode current density as opposed to model
based scaling) or additional dose metrics considered, then different animal-to-human scaling
factors would be predicted for each study. 7his analysis does not in any way constitute an
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endorsement for the use of such high current in humans but serves only to illustrate the
range between observable tissue damage in animal models and conventional tDCS.

Kim et al. [5] assessed whether anodal DCS increases pre-existing infarct volume in a rat
stroke model 2 days post-injury. Their results showed no increase in volume at the doses
tested (0.785 cm? epicranial electrode, 100 uA for 20 minutes), and a potential neuro-
protective effect. Cathodal DC at 200 uA has also been shown to have a protective effect for
ischemic stroke in rats [184]. These results suggest that the safety threshold predicted above
extends to post-injury models. Results in the mouse model differ from those in the rat.
Peruzzotti-Jametti and colleagues [185] suggest anodal stimulation induced an increase in
the post-ischemic lesion volume and augmented blood brain barrier derangement in a mouse
model with 1.2 mm diameter epicranial stimulation at 250 uA for 40 minutes total, while
cathodal stimulation had a protective effect. Importantly, decreased mouse head volume
compared to the rat suggests a further scaling factor — which if > 2 brings this result in line
with those in healthy rats. However, it is important to note that several studies in the acute
and subacute phase of recovery have been successfully conducted in humans (see above)
without reported serious adverse events [186], [152], [153], [187], [188].

tDCS Safety Data from Human Trials and Models

There is direct support for the safety of tDCS as applied thus far in controlled human trials
(previously reviewed in [3],[29]). Mild skin erythema is common during tDCS and is not
inherently hazardous [30] and resolves after stimulation. tDCS was not found to produce
edema or injurious alterations of the blood-brain barrier or cerebral tissue detectable by MRI
[2], though non-injurious reversible changes in brain perfusion are plausible [31],[32] as a
result of direct action on endothelial cells or indirectly via modulation of neuronal
(metabolic) activity.

During tDCS the ratio of current density in the skin to the brain is predicted to exceed 10:1
(Figure 1; [33]). If one assumes comparable sensitivity to injury of skin and brain, then the
tolerability to tDCS evidenced by lack of skin lesions provides indirect support for safety
with respect to the brain. For example, tDCS produces negligible temperature changes in the
skin [23], making direct injury from brain heating improbable. Poor electrode skin contact
(dry sponges) will lead to skin irritation (e.g. by dramatically reducing the stimulation area).
In rare cases, poorly designed or prepared electrodes produced skin lesions [34],[35],[36],
[37]; if these are attributed to electrochemical reactions produced locally at the electrode
[38], [23], it would not be relevant for brain injury since chemical products above the skin
surface are not expected to diffuse to the brain. Important factors in electrode design and
preparation have been reviewed [39].

For a given applied current, the maximum current density generated in the brain will vary
according to montage and head anatomy; the resulting current density can be quantified
using computational models (Figure 1) and demonstrated experimentally [40]. In susceptible
populations current flow to the head may be further altered by pathological changes in the
cranium or brain tissue such as stroke, as may the case in patients with post-surgical or
trauma induced skull defects or post-stroke encephalomalacia [41], [42]. Further divergence
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from expected current flow may be attributable to an immature brain anatomy in children
[43], [44]. Across heads and montages (Figure 1) the maximum predicted brain current
density (0.23 A/m? for a small adult head and 0.32 A/m? for pediatric head) remains
substantially below injury threshold levels in animals (6.3—17 A/m?2, described in detail
below). Peak current densities in the modeling literature (spanning heads, model
parameterization and tDCS dose) range from 0.0828 to 0.211 A/m?2 [45], [46], [47], [48]. At
these predicted current densities, we are not aware of any well-defined theoretical risk for
brain injury by tDCS based on experiments or modeling.

Controlled human studies involving the general population, susceptible subjects (e.g.
children), and potentially susceptible (e.g. subject with altered neuroanatomy or
neurophysiology) populations support safety [49], [50], [51], [52]. We are aware of no direct
evidence from human trials involving tDCS that suggests tissue damage or behavioral
changes suggestive of irreversible brain injury. Though methodology and rigor for reporting
adverse events in tDCS are inconsistent across studies [53], [54], [55], [29], [56], [57], [58],
[59], [60] human trials (per IRB guidance) should have specifically designed safety
monitoring and reporting. Especially given the severity of a serious adverse event as defined
above and mandatory reporting requirements defined in CFR, the lack of Serious Adverse
Effect report in any trial supports the absence of occurrence. A meta-analysis of the
aggregate number of tDCS sessions (Figure 2) failed to identify even a single record of
Serious Adverse Effect related to tDCS across >33,200 sessions. Among these over 1,000
subjects received tDCS repeatedly (multiple sessions across days) without Serious Adverse
Effect.

The acceleration in the number of publications is not associated with a general increase in
trial size (number of subjects) or duration (number of sessions per trial) (Figure 6). This is
consistent with tDCS being adopted by increasingly more independent groups as well
increased activity within groups, and so more investigators in general. Demographics
suggest a majority of sessions were applied to healthy subjects. This is consistent with the
use of tDCS to study normal brain function under the assumption tDCS is minimal risk. The
treatment of a broad range of indications has been explored by tDCS. Distribution of
sessions by medical indications often reflects the size of trials rather than number of
publications (e.g. tinnitus) (Figure 7). The distribution and diversity of clinical trials with
tDCS support the generalization of overall safety findings.

There are also data on individual patients who have received over 100 treatment sessions of
tDCS without any indication of adverse effects arising from cumulative exposure. These
include a patient with schizophrenia who received maintenance tDCS once to twice daily on
a domiciliary basis over a 3-year period (i.e. > 1000 sessions) [61]; and patients with
depression who received multiple courses of tDCS (>100 sessions in total) safely, assessed
with structured questionnaires of side effects and formal neuropsychological testing [59].
Further, thirty-three healthy volunteers received up to 30 sessions (6 weeks) of tDCS (2 mA,
20 minutes, high-performance adhesive electrodes) without a serious adverse event [62].

To our knowledge, the US FDA considers trials of tDCS as non-significant-risk, which
means tDCS is without reasonable expectation of any Serious Adverse Effect (as defined
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here). The FDA requires reporting of “unanticipated” adverse events. As of this date, the
FDA “MedWatch” database search returns no reports for “tDCS” or “transcranial Direct
Current Stimulation.” A similar research status approval is in place from Health Canada and
internationally [6].

tDCS Special Consideration for Safety in Children

As is typical for most investigational techniques, experience with tDCS in children has been
limited compared to adults and applications in the developing brain require additional
considerations. Fewer than 5% of published tDCS studies include pediatric populations. In
children, considerations include potential modification of dosing for both safety and
efficacy. Specific systems and techniques for recording, side-effects, potential adverse events
and effects, and tolerability measures are required.

In trials involving children, at least 2800 sessions have been applied across nearly 500
subjects. No serious adverse effects have been reported. tDCS has been investigated in
children with a variety of diagnoses including cerebral palsy, stroke, encephalitis, epilepsy,
schizophrenia and attention-deficit hyperactivity disorder [76], [77], [78], [79], [49], [61],
[80], [51], [50], [81], [82], [83]. According to clinicaltrials.gov, current studies in pediatric
applications of tDCS include perinatal stroke, cerebral palsy, dystonia, childhood-onset
schizophrenia, attention deficit hyperactivity disorder, and autism. The relatively limited
nature of this tDCS experience across pediatric populations compared to adults is shown in
Figure 7.

Current flow modeling predict increased brain current density on average in children for the
same applied dose (Figure 1), reflecting smaller average head sizes and possibly additional
factors. However, conventional adult dosing still remains well below potentially hazardous
levels defined by animal safety trials (see below). While reduced (~1 mA) current intensities
are often used in children, trials up to 2 mA [49] without serious adverse effects are
reported. A tDCS modeling study performed in two typically-developing children ages 8 and
12 years suggested higher peak electrical fields compared to adults at given current
intensities with montage specific scaling [44]. In a pediatric tDCS modeling study, peak
brain current flow and distribution were incorporated into modeling of brain electric fields of
a child with perinatal stroke [43]. It was found that tDCS at 0.7 mA produced a peak brain
current intensity comparable to an adult receiving 1.0 mA. This dose was subsequently
applied in a bihemispheric montage in a pilot pediatric tDCS safety study in congenital
hemiparesis [79]. Clinical neurophysiology in children indicated altered dose response,
compared to adults, consistent with the scaling of fractional brain electric fields predicted by
current flow models [84].

Specific to children with cerebral palsy, in 8 tDCS studies published between 2013 and June
2015, not one of the combined 176 children incurred a serious adverse event [79], [80], [50],
[81], [82], [83], [85], [86]. Current intensities ranged from 0.7 to 2.0 mA, with 9-20 minute
sessions varying between single or serial sessions (10 maximum consecutive daily sessions).
The most commonly investigated montage was M1-SO (7 of 8 studies), with one electrode
over C3 (M1) and one electrode supra-orbital (SO), with either the anode or cathode over
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M1. The most commonly reported minor adverse events included the sensation of tingling or
discomfort under the electrode sites, reported in both active and sham conditions. For
example, in a single-session sham-controlled bihemispheric tDCS study involving 13
children aged 7-18 with congenital hemiparesis due to perinatal stroke, 1 child from the
sham group reported a burning sensation, while another from the active group reported
itching [79]. One child withdrew from the study due to discomfort during the 30-second
ramp-up. In a study of serial sessions of tDCS in 13 children with dystonia, tingling was
reported at the ramp-up phase of both real and sham stimulation [86]. Two children reported
discomfort; a reduction of tDCS amplitude from 2.0 to 1.5 mA extinguished this sensation.
In another tDCS study in 11 children with dystonia, one subject withdrew due to
stimulation-related discomfort while another required adjustment of the current from 1.0mA
to 0.65mA in order to reduce discomfort [80].

Pediatric-based studies are also examining the synergistic application of tDCS during
rehabilitation sessions to enhance motor plasticity (clinicaltrials.gov #NCT02170285). One
study in children with congenital hemiparesis combines both constraint-induced movement
therapy and tDCS. This serial-session trial applies tDCS in an M1-SO cathodal
contralesional montage at an intensity of 0.7 mA for the first 20 minutes during a 2-hour
rehabilitation session involving the more-affected hand (clinicaltrials.gov #NCT02250092).

A randomized, controlled, clinical trial of 24 children aged 6-18 years with perinatal stroke
and hemiparesis combined intensive motor learning therapy with tDCS. Subjects received
contralesional M1 cathodal 1 mA tDCS (or sham) for the first 20 minutes of a two-hour
therapy session for 10 consecutive weekdays. Examination of safety outcomes after 12 and
24 subjects, including function of both the paretic and unaffected upper limb, found no
serious adverse effects. Aside from scalp tingling/itching (42%), no other adverse events
were reported (Kirton, unpublished). Additional case reports with no serious adverse events
include a 16-year-old with childhood stroke and hemiparesis who received contralateral
cathodal 1 mA stimulation for 10 days with therapy and a 15-year-old with schizophrenia
and refractory auditory hallucinations who received 2 weeks of superior temporal cathodal
stimulation for 20 min daily with no adverse events (Kirton, unpublished).

A study of tDCS enhancement of motor learning in 24 typically developing children aged 6-
18 years found no serious adverse effects (Kirton, under review). Children performed a
motor learning task repeatedly over 3 days, randomized to sham, 1 mA contralateral M1
anodal, 1 or 2 mA ipsilateral cathodal M1 stimulation for the first 20 minutes of each
training session. Specific safety outcomes included any decrease in either the trained or
untrained hand as well as decline in multiple non-trained motor tasks before and after
intervention. All functional outcomes improved with tDCS. Mild tingling or itching of the
scalp was reported in 55% of subjects but never precluded participation.

Combining this emerging pediatric evidence with the larger animal and adult experience
suggests tDCS within the same ranges of dosing and duration can be considered minimal
risk, based on current evidence, in school-aged children.
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tDCS Special Considerations for Safety in Aging Populations

Given the increasingly older demographic of our national population, there is a growing
interest in tDCS as a mechanism for stabilizing or even enhancing cognitive functioning in
older adults [87]. It is established that particular aspects of cognitive decline, even during
“normal” aging [88], are exacerbated by incipient neurodegenerative diseases. It is important
to distinguish between increased risks arising from unrelated comorbidities in these subjects,
such as increased risk of seizures and other comorbid medical conditions, including
neurodegenerative disease [89], from evidence that aging subjects are at increased risk for
Serious Adverse Effects during tDCS. As in other situations, exclusion of subjects from
tDCS human trials for pre-existing conditions is not necessarily evidence in itself for
increased risk.

Building on the results of a recent review in this content area [90], we identified a total of 19
tDCS studies that targeted a range of motor and cognitive abilities [91], [92], [93], [94],

[95], [96], [97], [98], [17], [99], [100], [101], [102], [103], [104], [105], [106], [107],[108].
These 19 studies included over 500 participants whose mean ages were in the mid to late
60’s. Across studies, participants received between 1 and 10 sessions of tDCS, with a
duration of 5 to 30 minutes, at an intensity of 1 to 2 mA. Five studies failed to report any
safety data [108], [91], [94], [104], [105] (which this review considers evidence for the
absence of a serious adverse event), and one reportedly asked about side effects but failed to
report any data [96]. None of the remaining 13 studies reported any adverse events (serious
or otherwise). Five studies made limited comments about all participants tolerating treatment
well [107], [102], [103], [106], [109], and the other eight reported expected sensory
experiences (e.g., itching, tingling, burning) that were generally indistinguishable from those
reported by participants receiving sham stimulation.

If effective, tDCS could be particularly beneficial for treating cognitive, motor, and
psychiatric symptoms of neurodegenerative diseases, as well as decline associated with
normal aging (see reviews by [90], [110]). We identified 15 studies that evaluated the effects
of tDCS on patients with Alzheimer’s disease [111], [112], [113], [114], [115], [116],
Parkinson’s Disease [109], [117], [118], [119], [120], [121], Dementia with Lewy Bodies
[122], Corticobasal degeneration [123], and Frontotemporal dementia [124]. In all, there
were over 275 patients (some assigned to sham conditions) who received between 7 and 30
minutes of stimulation in each of 1 to 10 sessions with an intensity of between 1 and 2.8
mA. 10 studies comment on safety. One patient was removed from treatment after
experiencing delirium caused by pneumonia and another patient experienced a bout of
diarrhea and could not attend some of the tDCS sessions [116]. Neither of these events
appear to be attributable to tDCS and thus are not Serious Adverse Effects. Four studies
reported typical side effects (i.e., itching, tingling, burning) [122], [116], [119], as well as
temporary headache and dizziness [111]. It is also worthwhile to note that a review of eight
tDCS studies in the geriatric depression literature found no major side effects of stimulation
[125].

Brain Stimul. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bikson et al. Page 17

Overall, there were no unexpected or severe adverse events in over 40 studies with more
than 600 older adults regardless of cognitive or disease status. Thus, there is no current
evidence for increased risk of Serious Adverse Effects with aging subjects.

Risk of tDCS-related Seizures in Healthy Populations and Special
Considerations for Safety in Epilepsy

We distinguish between epilepsy and seizure induction. As defined for our purposes, a
Serious Adverse Effect for tDCS would include the triggering of a seizure, either in healthy
individuals or individuals with epilepsy or others predisposed to seizures, with evidence that
tDCS was causally related to the ictal event. Encouragingly, no such instances have been
reported.

A more ambiguous topic in epilepsy neuromodulation in whether aggravation of
epileptiform electrographic activity itself is a Serious Adverse Effect. One can imagine
exacerbation of interictal epileptic spike frequency on EEG without change in the clinical
picture and no new requirement for medical intervention. Per our definition this would not
be a Serious Adverse Effect if there were no clinical (treatment) impact. Moreover, one
needs to be conservative in extrapolating between a biomarker (interictal activity) and
relevant clinical morbidity (seizures) ([126], [127]).

tDCS safety with respect to seizure induction is underscored by in vitro DCS studies
indicating that the electric field threshold for modulating ongoing epileptiform activity (~1
V/m, consistent with a heightened sensitivity to excitability; [128]) is more than an order of
magnitude lower than intensity thresholds for generation of activity in a quiescent brain slice
(>80 V/m; [129] which would require >160 mA tDCS). An important question is whether
the electric field threshold to generate epileptic activity in active (not quiescent) but not
already epileptic tissue. To this end, it was further tested in vitro if ongoing brain gamma
oscillations will reduce thresholds for electrographic seizure generation. In this experiment,
the DCS intensity need to initiate epileptic activity (80-120 V/m) in an active (but non-
epileptic) neuronal network, was also more than an order of magnitude above that generated
in conventional tDCS (<1 V/m) (Figure 4; Bikson et al., in preparation).

Across humerous in vitro seizure models, the polarity of stimulation producing somatic
depolarization or hyperpolarization aggravates or inhibits activity [130],[131],[132],
respectively. In vivo hyperpolarization inhibits activity while depolarization has no or mixed
effects (see below). During tDCS placement, including for epilepsy of an anode/cathode
over a brain region is typically intended to excite/inhibit. However, as discussed above, this
concept is limited by 1) the ubiquitous presence of both electrodes, such that ‘anodal tDCS’
refers only to the nominal brain target being near the anode (a fact not negated by an
extracephalic electrode, since current must pass in and out the brain) and 2) current flow
under and between electrodes producing a locally alternating pattern of polarization [133].
Therefore, for the majority of this review we collapsed so-called “anodal” and “cathodal”
tDCS in our analysis. We deviate from this convention in this section on seizures because of
the strong polarity dependence show in animal odels, which has been adopted in designing
clinical trials - but none-the-less note presence and location of both electrodes.
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Several in vivo studies have evaluated the safety and efficacy of stimulation in rodent
epilepsy models and in human subjects with intractable focal seizures [76] where the
functional polarity (anodal or cathodal) is assumed to be the epicranial electrode over the
seizure focus and the other electrode is positioned on the torso or over a non-epileptic
cortical region. In rats, Liebetanz found an intriguing capacity for seizure prophylaxis by
tDCS where cathodal epicranial electrode stimulation increased threshold for focal seizures
up to 2 hours. The same experiment indicated that anodal epicranial electrode stimulation
had no effect on seizure threshold [9]. The antiepileptic potential of cathodal tDCS was also
demonstrated in a rat amygdala-kindling temporal lobe epilepsy model where Kamida and
colleagues demonstrated that cathodal tDCS reduced seizure severity and EEG after-
discharge duration, while elevating the after-discharge threshold. This treatment regimen
also corresponded to improved cognitive performance on the Morris water maze [134]. The
Kamida group also identified an anti-convulsive cathodal tDCS effect in a rat pup lithium-
pilocarpine status epilepticus model where tDCS appeared to mitigate status epilepticus-
related cell hippocampal cell death and preserve performance on the Morros water maze
spatial memory task [135]. In a different approach where tDCS was deployed after seizure
onset, Dhamne and colleagues identified a potent antiepileptic effect of cathodal tDCS in a
rat pentylenetetrzole (PTZ) status epileptic model, and also demonstrated that tDCS and
lorazepam, a first-line anticonvulsant may act synergistically [130], [136]. Notably, while
tDCS in this experiment was delivered in setting of ongoing seizures, neither seizure
exacerbation nor increase in epileptiform EEG discharges were identified. This favorable
result in a primary generalized epilepsy model is consistent with a prior report that
epicranial cathode electrode tDCS transiently suppress spike and slow wave discharges on a
rodent model of absence epilepsy [129].

In humans, clinical experience with tDCS in epilepsy indicates the procedure is well
tolerated and safe [3]. When a cathode electrode is directed over epileptogenic cortex, there
may be a mild anti-epileptogenic effect, manifest as reduced interictal discharge frequency
[137]. There have been several studies investigating the effect of tDCS with the cathode
positioned over the targeted cortex on reducing seizure frequency and focal hyperexcitability
in partial onset seizures (six original studies published in English in a recently published
meta-analysis, [137]). In a randomized, sham-controlled study applying a single session of
tDCS (1 mA, 20 min) with the cathode over the epileptogenic zone and the anode placed
over an area without epileptiform activity, there was a significant reduction in the frequency
of interictal epileptiform discharges, with a trend towards decrease in seizure frequency
[138]. Likewise, in another study involving 36 children with partial epilepsy, a single session
of tDCS (1 mA, 20 min) with the cathode directed toward the target suppressed epileptiform
activity for 48 hours and demonstrated a trend toward seizure reduction [78]. Several case
reports and small case series similarly demonstrate safe and well-tolerated application of
tDCS with the cathode over epileptogenic cortex [139], [140], including transient reduction
in spike frequency in continuous spike and waves during slow wave sleep [141].

In addition to seizure suppression, tDCS may have a role in mitigating behavioral symptoms
that are commonly comorbid with epilepsy. In a randomized controlled study of 37 patients
the an anode was positioned over the left dorsolateral prefrontal cortex to reduce depressive
symptoms, and the cathode over the right supraorbital area, to test the capacity of tDCS to
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treat comorbid mood symptoms in patients with temporal lobe epilepsy [142]. While
stimulation was performed over a location distant from epileptogenic cortex, none of the
subjects in the active stimulation group experienced an increase in seizure activity over a 4-
week follow up, and interictal epileptic EEG activity remained unchanged.

As an example of the complexity in determining the causality of tDCS and seizures,
especially in subject with epilepsy, we note a case report of a focal onset seizure during a
tDCS trial [143]. A 4-year-old boy with a history of prematurity, left dominant spastic
paresis, and infantile spasms, but seizure free for 2 years on anti-epileptic medication
received serial stimulation to attempt to relieve left-sided spasticity (with one of the
medications withdrawn 2 weeks prior to stimulation). The anode electrode (1.2 mA, 20 min)
was directed over the right paracentral region, paired with escitalopram (to facilitate the
serotonergically-mediated excitatory effect of tDCS). The cathode electrode location was not
specified. Four hours after the third session of stimulation, the patient developed a partial
onset seizure characterized by speech arrest, confusion, leftward eye gaze deviation, left arm
clonic movements, and secondary generalization which required administration of
intravenous midazolam. The patient’s lateralized semiology suggested that the seizure onset
was from the frontocentral region, corresponding to the region under the anode electrode.
The application of an anode electrode, as opposed to a cathode electrode, over potentially
epileptogenic cortex (in a patient with a history of probable generalized cortical
hyperexcitability with superimposed focal hyperexcitability of the left paracentral region) is
atypical. Moreover, regardless whether a cephalic or extracephalic cathode electrode
position was used, there was no consideration of altered current delivery [44] and potentially
inverted dose response [144] expected in children (see tDCS Special Consideration for
Safety in Children). There was no consideration of further interactions between drugs and
tDCS dose response [74]. It is unclear whether the interictal EEG performed was of
adequate duration and proximity to the date of stimulation to provide appropriate
reassurance that the patient did not have any ongoing interictal epileptiform activity,
especially in the region of stimulation. In totality, regardless of insufficient attention to
conventional safety considerations, this report does not meet our standards for a Serious
Adverse Effect; our definition includes a requirement to establish reasonable causality,
which is hampered in this case by insufficient monitoring and controls (e.g. medication
withdrawal).

In repetitive Transcranial Magnetic Stimulation (rTMS), seizure provocation remains the
primary safety concern in healthy individuals, and a diagnosis of epilepsy is typically
considered an exclusion criterion for high-frequency repetitive TMS studies [145] but see
[146]. Concerns about TMS have spread to tDCS research, such that it has become a
common exclusion criterion for tDCS [3], simply by historical association with TMS and for
experimental reasons (e.g. to minimize risks of coincidental seizures during a trial).
However, in contrast to TMS, electric fields produced by tDCS in the brain are static not
pulsed, and are two orders of magnitude below those employed in rTMS [12], [147].
Similarly, tDCS produces an electric field in the brain over two orders of magnitude below
ECT and TES where hundreds of mA (e.g. 800 mA) and pulse waveforms are needed to
trigger an overt motor response [40], [148], [149]. Combined with preclinical studies on
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DCS seizure threshold and experience from hundreds of clinical trials, these data suggest no
evidence or mechanistic support for seizure generation with conventional tDCS protocols.

Intense electrical stimulation can produce epilepsy in animal models through “kindling”,
where sessions of stimulation are sufficient to trigger seizures As noted above, the intensity
of tDCS is far below the seizure induction threshold, and even much higher-intensity
technologies such as TMS are not considered epileptogenic. Current animal and clinical
evidence does not support epilepsy generation with conventional tDCS protocols.

Beyond seizure initiation, a concern for epileptogenesis is a theoretical concern with any
electrical brain stimulation technology. Electrical cortical, hippocampal or amygdala
stimulation can produce epilepsy in animal models through “kindling” [150], [151], where
cumulative effects of recurrent stimulation lower the seizure threshold. However, such
effects have not been seen with tDCS. As above, conventional tDCS intensity is far below
seizure induction threshold, and even much higher-intensity stimulation, as by TMS are not
considered epileptogenic. Current animal and clinical evidence does not support epilepsy
generation by conventional tDCS protocols.

tDCS Special Considerations for Safety in Stroke

In studies of tDCS in persons with stroke, adults and children, published since 2014 (N=33
studies), there are 2 studies reporting minor adverse events [79], [152] including mild
headache, sleepiness, and various sensations. In addition, there are few reports of dropouts
with 14 from 6 studies [153], [79], [28], [154], [155], [156] out of 507 total participants
across 33 studies. Reporting criteria and reasons for dropouts vary and include personal
reasons (e.g. unrelated medical problems, refusal to participate, etc.) that were not Serious
Adverse Effects as defined here.

To date and to our knowledge, no persistent decrements in behavioral performance or mood
have been documented as a result of tDCS application in stroke populations. Special
consideration is required, however, regarding the methods used to determine whether a
possible adverse behavioral or mood change was caused or aggravated by tDCS (see above
discussion of [28]). The majority of stroke survivors commonly demonstrate one or more
behavioral deficits (e.g., motor, sensory, perceptual, cognitive, speech-language, swallowing,
etc.). Further, approximately 30% of stroke survivors report depression [157], [158],
compared to 4-7.3% of the general adult population (Centers for Disease Control; CDC),
and the presence and severity of depression may vary over time [159],[157]. Baseline
assessment of deficits is clearly warranted, but stroke survivors often experience significant
variability in performance for the affected behaviors from day to day, or even from morning
to afternoon. Because of the presence of deficits, and the day-to-day behavioral variability, it
would be possible to miscategorize a decrement in performance as a Serious Adverse Effect
if adequate baseline data were not collected. To minimize this error, investigators may
consider if multiple baseline data points on target behaviors as well as other comorbid
behavioral/mood deficits should be gathered before tDCS administration. After tDCS,
adverse behavioral or mood effects may be followed over time to document their duration.
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When making inferences about the safety of tDCS based on the occurrence or
nonoccurrence of Serious Adverse Effects in the studies to date, it is important to consider
the population characteristics of the sample studied. The majority of tDCS studies in the
stroke population so far have been conducted in relatively uncomplicated patients in the
chronic phase after injury (beginning of the chronic phase of recovery vary from 2 months to
1 year post-stroke). Given the small but beneficial effects of tDCS on motor and language
function in chronic patients, studies in acute (first days after stroke) to subacute (first 2-12
weeks after stroke) patients are also currently conducted with the intention to modulate
recovery within an early plastic time window after injury. First published results indicate
similar tolerability and safety of tDCS in acute and subacute patients compared to chronic
stroke patients. However, this preliminary conclusion is deducted from studies with a small
overall sample size.

Typically, stroke survivors with severe depression or other neuropsychiatric disorders,
alcohol/drug abuse, history of seizure, or skull defects (typically resulting from brain surgery
related to the stroke) have been excluded from tDCS studies. Additional data will thus be
needed to extend the safety data on tDCS to stroke survivors with these comorbidities. tDCS
studies in independent non-stroke samples with primary neuropsychiatric, substance abuse,
and seizure disorders suggest that the risk of Serious Adverse Effects with these
comorbidities is low (see above).

Up to 20% of stroke survivors will experience post-stroke seizures [160]. As noted above,
there is no clear evidence that tDCS can induce seizures, even in cases of compromised
neurophysiology. tDCS studies in stroke patients now include persons with history of
seizures, although requiring a minimum period without seizure or changes to antiepileptic
medications may be reasonable prior to administering tDCS as a proactive measure to avoid
coincidental seizures.

A commonly stated concern is that the presence of skulls defects may increase risk by
creating a “funnel” of current through the skull resulting in local concentrations of current
density in the brain. Electrical field modeling suggests that typical tDCS protocols
administered over a range of skull defects may result in local increase in current density
compared to the intact-skull case, under worst-case theoretical conditions corresponding to a
six-fold increase in brain current density [42], [161]. This does not exceed the current
density threshold for injury reported in animal models. Increases in brain current density can
be prevented or minimized by adjusting electrode montage. The exclusion of subjects from
some human trials for this concern is not evidence for increased risk of a Serious Adverse
Effect.

Stroke survivors in some cases have abnormal cerebral vascular anatomy, reduced cerebral
perfusion, and/or disrupted cerebrovascular autoregulation [162]. Though one study has
demonstrated change in cerebrovascular autoregulation in controls in response to a single
session of tDCS [163] (with one electrode positioned on the head and another on an arm),
another recent study in a control population and in those with neurological abnormalities
and/or cerebrovascular disease found no significant change in vasomotor reflex following a
single session of bicephalic tDCS [164]. The lack of Serious Adverse Effects in tDCS
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studies of stroke to date suggests that any possible effect of tDCS on cerebral blood vessels
are unlikely to cause clinically significant changes in brain perfusion. There is no evidence
for increased risk in subjects with large vessel occlusions (e.g. complete blockage of an
internal carotid artery) and such subjects are typically not a priori excluded from trials for
safety reasons, though often they are excluded to ensure the homogeneity of the subject
sample and some investigators suggest additional monitoring when included [164].

Data from animal models of brain injury were discussed in a previous section.

tDCS Special Consideration for Safety in Mood Disorders

Treatment-emergent (hypo)mania (TEM) is a potentially Serious Adverse Effect that can
occur in depressed patients during pharmacologic antidepressant treatment, for instance, in
up to 2.3% of patients with unipolar depression [63]. A variety of factors influence the
likelihood of developing TEM, including the potency of the agent being used and the
individual characteristics of the patient. There are four stand-alone case reports in literature
[64], [65], [66], [67] and some reports in randomized clinical trials (1 case in [68] and 6
cases in [69], of which 5 patients were given tDCS combined with sertraline) of mania or
hypomania induction after tDCS treatment. It is important to note that some of these patients
were not known to have bipolar disorder. Most of these episodes resolved spontaneously
when tDCS was withheld for a few days or with either small dose adjustments or
introduction of a new pharmacotherapy. However one case was notable for a fulminant
episode of mania with psychotic features [67]. In the other 5 patients who received sertraline
combined with tDCS, it is not possible to disentangle with confidence which intervention (or
both) was responsible for the symptoms and thus these were not Serious Adverse Effects per
the definition of this review. Stimulation montage may be a factor, with one patient
becoming hypomanic with a montage involving greater stimulation of deep central brain
areas, but not with the usual frontal montage used to treat depression [66].

It is difficult to estimate the precise frequency of this adverse event (i.e., inducing manic/
hypomanic episodes) or establish causality with tDCS application. As such, it is also unclear
if having a diagnosis of bipolar disorder places a patient at theoretically higher risk of a
manic switch with tDCS, as has been suggested for other brain stimulation therapies [70].
Conservatively one may adopt the same recommendations for tDCS in depressed patients as
in antidepressant drug treatment, including careful observation of the patients’ clinical
outcomes while on a clinical treatment and careful assessment for a history of bipolar
disorder or history of switching into mania with past antidepressant treatments (in these
patients, concurrent treatment with mood stabilizer medications during the tDCS treatment
course could be considered). But, consistent with the scope of this review, we emphasize a
lack of convincing evidence that tDCS increases risk of manic switch. In trials for
depression, greater than 4160 sessions have been applied across more than 430 subjects
(Figure 7) without a documented Serious Adverse Effect.

While neurophysiological studies in healthy individuals have established a short-term
interaction between tDCS and pharmacological agents [71], [72], [8], [73], there is minimal
information on the interaction between tDCS and pharmacologic intervention in the
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treatment of mood disorders. The available evidence suggest potential synergistic effects at
least in the treatment of depression [74],[75],[69]. There is no evidence that interactions
between tDCS and pharmacological agents increase the risk of a Serious Adverse Effect.

tDCS Special Consideration for Subjects with Implants

For subjects with pre-existing implants, concerns about increased susceptibility to tDCS
include 1) injury to the brain related to changes in brain current flow pattern as a result of a
conductive implant and/or associated skull defect, that can lead to a local current
concentration and 2) damage or disruption of device function, especially when the device
includes an electrical sensing component (such as a pacemaker). The role of skull defects is
addressed above, and modeling studies further do not support a significant increase in
current concentration even under “worst case” conditions (Figure 8). Concern about
interactions with pacemakers increases for extracephalic electrodes but remains hypothetical
[165]. Though exclusion of subjects with preexisting implants, and especially head implants
is common in tDCS trials as a precautionary measure [3], there is no evidence of injury to a
subject with an implant and no theoretical risk of injury based on modeling. While metal
inside the body has a high nominal conductivity, the metal is as an electron current carrier,
whereas current carried by through the body (as produced by tDCS) is ionic; as such, a large
electrode impedance is expected between the metal implant and the surrounding tissue
making significant current flow across the metal implant unlikely [166]. Limited ongoing
experience with tDCS in subjects with both DBS and cortical electrode arrays (the latter for
pre-epilepsy surgical monitoring) suggests that stimulation is tolerated (Bikson, in
preparation). Thus, while pre-existing implants remain a theoretical concern, neither theory
nor limited clinical experience establish evidence for increased risk of Serious Adverse
Effects.

tDCS Special Considerations for Safety in Home Use

With the advance towards the clinical use of tDCS for a wide range of applications, home
use (as opposed to in-clinic administration) will presumably become more frequent. There is
evidence that beneficial effects may be achieved with cumulative sessions [167], including
when paired with a behavioral program to enhance outcome (e.g. cognitive or physical
exercises for recovery of function, e.g., [168], [169], [170]). Therefore, repeated tDCS
administration over time will likely be essential to the effectiveness of many treatments. In
this sense, home use may also be helpful to either continue or sustain an initial therapeutic
benefit, possibly spanning months (e.g. 100 sessions or more) [171], [61]. Alternatively, for
other applications, tDCS may be utilized “on demand” for situational use (e.g. to increase or
sustain attentional vigilance [172], [58]). These potential scenarios create an interest in
clinical trials with remote use. Repeat and/or spontaneous visits to a clinic location are often
not plausible due to the obstacles of time commitment as well as logistical and scheduling
challenges. Dependence on in-clinic administration of tDCS would also increase the overall
costs of treatment. This section focuses on home use where tDCS is either self-applied or
applied by a local caregiver, as opposed to an investigator travelling to the patients home for
every session, which reduces the burden on patients but not the investigators or cost.
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While there has been no established Serious Adverse Effects for home-use (including self-
directed) tDCS, several notes of caution have been raised. These are noted here, although we
again emphasize that our approach is data-driven, rather than speculative [173]. Foremost,
there are potential issues with the overall design and manufacture of the actual device and
equipment, including the reliability of construction, consistency of electrode placement and
contact quality, safety meters to prevent overuse (intentional or unintentional), and sanitary
practices for the handling of sponges and electrodes. Furthermore, once implemented, there
are concerns regarding the behavioral correlates of electrode placement [174] as well as the
possibility of unexpected effects with improper dose [175]. Also, especially relevant for
clinical conditions is the consideration that tDCS may potentially interact with other
therapies or medications [176]. While all these concerns also apply for in-clinic
administration, the long term and variable naturalistic setting of home-use, as well as issues
surrounding self-directed stimulation, requires special attention.

There have been relatively few clinical trials to include the home use of tDCS. Using a
crossover design, one study [177] employed home use of tDCS for the treatment of
trigeminal neuralgia. Participants (n=17) were instructed to self-apply tDCS at home over
two 2-week periods separated by one month in which they applied active stimulation (1 mA)
and sham (in randomized order) over the primary motor cortex. Participants were provided
with a battery-operated device used in conventional clinical trials and study staff were
available by phone. Active stimulation was found to be effective for reducing pain, with no
adverse events reported and overall good tolerability. The study had a relatively high dropout
rate, with only 10 subjects completing both study conditions. Some participants had
difficulty self-applying tDCS and the authors noted that further training would be useful.

The clinical study of tDCS with home use must be both safe and reliable, as well as
measurable and reproducible. A group of clinical investigators interested in home use of
tDCS developed a set of guidelines for home use in clinical trials, governed by remote-
supervision through a telemedicine platform [178]. Central to these recommendations is
specially-designed equipment that both carefully regulates and records use. Extensive
training procedures and safety checks at each step governed by a study technician can guide
safe self-application (or application by caregiver or other proxy) and ensure the safest and
most tolerable use.

The first employment of these guidelines was used to develop a protocol for use in
participants with multiple sclerosis (MS) [179]. The protocol centers on a specially-designed
pre-programmed device that features a code to “unlock” delivery of only one stimulation (or
sham) session at a time. The code is issued by a remote study technician over HIPAA-
compliant videoconferencing, and is only provided after ensuring all safety checks are met.
With this protocol, targeting 10 sessions over two weeks, 24 participants have completed
232 sessions without any adverse event or discontinuation of any session. There has been
high tolerability and compliance.

A controlled and sequential plan of study to extend use away from the clinic setting and
without the investigator/clinician present will provide the safest and best route for home use.
As an extension of in-clinic tDCS applications, the continued integration of structured and
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supervised remote application in clinical trials is the optimal route for determining and
addressing safety concerns for home use. A next step will be to provide participants in these
trials with the option to continue use without real-time supervision, once they have been
adequately trained and monitored to complete safe and effective use on their own. While this
section adopts a cautious tone, there is no evidence of a serious adverse event in the limited
controlled human trials of home-use tDCS. Rigorous deployment planning, which includes
specially designed devices and guidance, is intended to maintain a flat level a risk in the
transition from clinic to home; only in this case, can safety data from all clinical trials be
used to directly support home-use [178].

Experience with so-called Do-It-Yourself (DIY) devices (which includes home-made
electronics and electrodes) and with devices marketed directly to consumers (which have not
been tested in controlled human trials) are not within the scope of this review [180], [173],
[181]. Nor are the findings of this review necessarily relevant to these situations. Home-use
discussed here is limited to the context of supervised human trials.

Conclusions

This review examined evidence on the safety of tDCS. Evidence for brain injury by DCS in
animal models occurs at intensities over an order of magnitude above intensities used in
conventional tDCS. To date, based on over a total 33,000 sessions and over 1,000 subjects
who received repeated tDCS sessions, there is no evidence for irreversible injury produced
by conventional tDCS protocols within a wide range of stimulation parameters (<40 min, <4
mA, <7.2 C). This analysis consolidates and adds to existing evidence on tDCS safety and
facilitates further research of tDCS in human subjects. These conclusions are in agreement
with a prior analyses and review focused on single center experiences [55].
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Highlights

. This article reports on the safety of transcranial Direct Current
Stimulation (tDCS), based on published Serious Adverse Effects in
human trials and irreversible brain damage in animal models

. Doses of tDCS sessions are defined and categorized by the electrode
montage (skin contact area/size and position of all electrodes),
stimulation intensity and duration

. To date, the use of conventional tDCS protocols in human trials (<40
min, <4 mA, <7.2 C) has not produced any reports of a Serious
Adverse Effect or irreversible injury across over 33,200 sessions and
1,000 subjects with repeated sessions
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Figure 1. Computational models predict skin current density to brain current density, and so

their ratio

An exploratory analysis compared a range of montages on extremes of head anatomy (e.g.
pediatric to obese, healthy and stroke). Additional models were solved to increase the depth
of the study (methods of computational forward modeling are described in detail in Figure
3). Models included some or all of the following tissue masks: skin (0.465 S/m), fat (0.025
S/m), bone (0.01 S/m), CSF (1.65 S/m), gray matter (0.276 S/m), white matter (0.126 S/m),
intervertebral discs (0.16133 S/m), ligament (0.250922 S/m), spinal cord (0.171267 S/m), air
(1x10715 S/m), electrode (5.99x107 S/m), sponge (1.4 S/m), and gel (4.0 S/m). The review
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involved nineteen combinations of six different head types (pediatric, small adult, medium
adult, medium adult stroke, large adult, and obese adult) and ten different electrode
montages (two using HD electrodes and eight using 5x7cm sponge pad electrodes). (Top)
Because electrodes are placed on the scalp during tDCS, and due to the conductivity and
anatomy of the underlying tissue, a majority of the current does not reach the brain and the
fraction that does reach the brain is diffused. The current density in skin is thus invariably
higher than in the brain. (Bottom) The maximum current density in the skin and the brain
(and their ratio) depends on several factors including the electrode montage. For a single
head, the ratio is predicted for various conventional and HD montages. The skin to brain
ratio varies from greater than 10:1 to 400:1.

The maximum brain current density was 0.23 A/m2 for a small adult head and 0.32 A/m2
for pediatric head (/mage adapted from Tyler et al, in preparation)
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Figure 2. Number of Sessions by Duration (a) and Number of Subjects in Repeated Sessions by
Duration (b)

Interim analysis of total sessions and dose in tDCS literature of published trials meeting our
inclusion criterion. We searched the Pubmed database with the key words “transcranial
direct current stimulation” limiting to papers published in English. We only included studies
that met the following inclusion criteria: (1) used tDCS, (2) tested on human subjects, (3)
reported original research, (4) used an electrolyte-soaked absorbent material, (5) clearly
reported dosage information, and (6) published before July 2013. 488 of 1072 papers were
considered. Of those, tDCS dosage and number of sessions were extracted. tDCS dosage
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includes current intensity, electrode size, duration, and position (not reported here). Number
of sessions refers to the number of tDCS procedures completed (e.g. number of subjects
times sessions per subject). If one subject underwent more than 4 sessions in one week, it
was further classified as a repeated session. Data from ~55% of all original tDCS
publications extracted using a combination of automated lexica analysis and manual
screening (solid bar) and extrapolated based on update tDCS publication volume (lighter
bar) — therefore the solid bars represent verified statistics until July 2013 while lighter bar
represents prediction given fixed distribution of sessions in all papers to-date. We extracted
the following dose parameters: Current applied, duration of session, current density at
electrodes, and for studies with repeated sessions (three to seven treatments per week for at
least one week) the number of sessions. If a clinical trial tested more than one tDCS
condition per subject (e.g. anode vs. cathode over M1 separated by one week) these were
considered separate sessions since the study design intended no carry-over effects and since
the results of each session provide evidence for safety. From each qualified trial the total
number of sessions and the parameters (intensity, duration, current density) for each session
where determined. Therefore the total number of sessions applied at any given parameter
(e.g. current of 2 mA) or combination of parameters (e.g. current of 2 mA and duration of 20
minutes) for tDCS trials is known. For repeated sessions, we aggregated data by number of
subjects. Cumulative data is plotted under the assumption that increasing intensity or
duration does not decrease risk, such that sessions at 2 mA support safety at 1 mA. This
assumption presumes a monotonic dose-safety response curve and does not apply to
efficacy.

Brain Stimul. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bikson et al.

Page 41

- Liebetanzet al.
\ 2.1mmD
500 pA, 10 min

non-injurious injurious

0 116 A/m?

Fritschet al. Jankordet al.
4mmD 5x5mm
600 pA, 20 min 500 pA, 60min

M1-SO M1-SO
5x7cm 5x7cm
2mA, 20min 120mA, 20min

Figure 3. Finite Element models comparing a common tDCS montage in human and three DCS
montages in animal model

Animal data indicates possible injury at electric field thresholds over an order of magnitude
above those generated by conventional tDCS protocols. (A) The evident difference in gross
anatomy between human and rat is considered in computational models based on high-
resolution MRI. (B, C, D) Lesion threshold in rat brain as reported by three different groups
using modestly varied methods. The predicted minimum induced current density for brain
lesions ranged from 12, 17, 6.3 A/m?2 (corresponding to electric fields of 42, 61, to 23 V/m)
for the montages used by Liebetanz et al. (B) Fritsch et al (C) and Jankord et al. (D)
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respectively. In contrast to human tDCS, epicranial stimulation of the rat brain (stimulation
applied over skull) resulted in higher cortical electric fields for the same input current,
magnified by the smaller head anatomy. (E) Typical human tDCS driven by 2 mA at the
electrodes resulted in 0.096 A/m? (0.35 \V/m) on the cortex. (F) To match the cortical lesion
threshold found in Liebetanz et al., 120 mA would have to be applied in human. We note
however that current density in the skin would be much higher than in the brain, such that
skin injury would potentially manifest well before the risk of brain injury. (Simulations and
data adopted from Liebetanz et al 2009, Frisch unpublished observations, Jankord
unpublished observations, Truong unpublished observations).
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Figure 4. Endogenous oscillation activity does not significantly reduce epileptic threshold
compared to quiescent state in brain slices

The electric field intensity needed to generate epileptiform activity can be systematically
investigated in bran slices. Uniform electric field up to 125 VV/m were tested, but note tDCS
produces electrics fields <1 VV/m. a) Rat hippocampal slices were prepared according to
Reato et al. 2010 and stimulated with electric fields (E) of varying intensity (10 s duration)
along the somatodendritic axis of CA3 pyramidal neurons. 20 pM carbachol was added to
the aCSF superfusate to induce spontaneous neural activity. Slices were either quiescent
(normal aCSF superfusate; Black traces) or oscillating (+carbochal ACSF, Red traces). Inset
is a computational model showing the membrane polarization profile of a pyramidal neuron
in an electric field (Dep, depolarized; Hyp, hyperpolarized). b) Epileptiform activity was
quantified as the average variance of the voltage signal during stimulation, normalized to the
average variance during the 10 seconds before stimulation. Mean +/— SEM across slices is
plotted for each electric field intensity. Epileptic threshold for each slice was quantified as
the electric field intensity required to produce a normalized variance >10. There was no
significant difference in epileptic threshold between carbcahol and control conditions (p =
0.48; carbachol 98.3 +/- 15.61 VV/m n = 10; control 104 +/- 14.97 VV/m n = 9). ¢) Sample
traces during stimulation at each electric field intensity (Left column black-traces normal
aCSF Right column red-traces +Carbachol). Highlighted traces at 40,80, and 120 VV/m/ Even
at 40 V/m (>40x electric fields generated by tDCS) no epileptiform activity compared to
baseline (quiescent or oscillation) was detected (Kronberg at al. unpublished data).
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Figure 5. Dose response curves and assumptions
While all existing data from animal models of epicranial DCS suggest injury thresholds are

well above conventional tDCS protocols, data across intensities is limited and various
models (e.g. animal species and strain) and metrics (e.g. histological stains) of injury are
used (represented schematically by color of X). (A) The approach taken in this review was
limited to empirical data based on the lowest reported injury threshold as a current intensity.
This approach is limited by the sensitivity of the experimental measure for injury and other
details of the experiment and limitations of animal models. But, none-the-less, the single
lowest reported injury intensity represents at this time a condition clinical tDCS should not
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approach. (B) Alternatively, various dose response curves can be fit to one or more data sets.
This approach is especially sensitive to assumptions about threshold, even when existing
data from a given trial appears to fit a specific curve reliably. Using any extrapolated
function will inevitably lead to a projected injury threshold below the lowest experimentally
measured threshold. In summary, in the absence of an established mechanism for injury
and/or a justified dose-response curve, it is difficult to reliably extrapolate below existing
experimental determined thresholds for injury in animals — which are substantially above
intensities generated by conventional tDCS.
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Figure 6. Visual display of original Research papers published (a), along with Sessions
performed and Subjects tested by annum (b). Quantitative data for both are listed separately
(c). The ratio of sessions/paper per year is also given (d) and subjects/paper per year (e)

Both ratios were calculated using the average amount of sessions or subjects per year.
Lighter colors indicate projections (see rationale in Figure 2).
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Figure 7. tDCS subject Demographic Charts
Medical conditions of subjects treated with tDCS, as reported in the papers analyzed (a).

Papers published by medical conditions of subjects (b). Number of sessions given by
average age (c) for all sessions that reported age, as well as sessions with subjects with
depression, stroke/aphasia, only healthy subjects. Age was calculated by taking the average
age of a subject group or using the age range to calculate an approximate average age.
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Figure 8. Computer simulation of brain current flow produced by tDCS in the presence of an
idealized Deep Brain Stimulation lead
Finite Element models of tDCS with and without burrhole defects typical in subthalamic

nucleus deep brain stimulation. Common sponge (conventional) and HD-tDCS montages for
motor and cerebellar stimulation are compared. Four montages are simulation M1-SO (top
left) and Inion-Zygoma (top right), 4x1 HD-tDCS over M1 (bottom left) and 4x1 HD-tDCS
over Iz (bottom right). In each care current flow produced through the head in the “healthy”
case (intact skull and brain, no implant) is compared to a worst-case scenario where two
“burr holes” through the skin, skull and brain are created and fully filled with CSF. Fluid
filled burr holes draw a greater amount of current density than what would normally exist
with healthy tissue (dashed images). However, peak current density and electric field are
minimally affected (less than two fold). HD configurations have lower deep brain electric
field intensities in general in addition to being more confined. Thus, even under these worst-
case burr-hole conditions, there are only moderate changes in overall brain current flow
patterns, and no large change in peak electric field. This suggest that under more realistic
conditions (e.g. with the implant in place instead of CSF, skin present and the skull largely
sealed) the presence of a DBS lead would not significantly change resulting brain current
flow. Evidently, all models are limited to the assumption made and this simulation (Truong,
Bikson et al., in preparation).
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